levated plasma aldosterone levels represent a marker of poor prognosis in patients with heart failure. 1 Although ACE inhibitors (ACEI) are commonly used in the treatment of heart failure and hypertension, continuous ACEI administration does not produce a sustained decrease in plasma aldosterone levels 2, 3 ; aldosterone levels are similarly elevated during angiotensin (Ang) II receptor blockade. 4 The recent Randomized Aldactone Evaluation Study (RALES) demonstrated that adding spironolactone, a mineralocorticoid receptor (MR) antagonist, to standard therapy including an ACEI significantly reduced morbidity and mortality in patients with moderate to severe heart failure. 5 Similarly, combining spironolactone with an ACEI has a beneficial effect on left ventricular hypertrophy in patients with essential hypertension. 6 The physiological mechanisms underlying the cardioprotective action of MR blockade remain to be established.
We have recently reported that elevated levels of aldosterone induce a spironolactone-inhibitable decrease in cardiac sarcolemmal Na ϩ -K ϩ pump function. 7 Pump inhibition activates key growth-related genes in cardiac myocytes 8 and contributes to myocyte hypertrophy. 9, 10 Restoration of Na ϩ -K ϩ pump function may represent a possible mechanism for the cardioprotective action of MR blockade; another potential mechanism is an interaction between MR antagonist and ACEI treatment. Previous studies from our laboratory have shown that treatment with either ACEI or Ang II antagonists stimulates Na ϩ -K ϩ pump activity. [11] [12] [13] Until recently, spironolactone was the only MR antagonist available. Spironolactone has relatively high affinity for androgen and progesterone receptors; in contrast, the new MR antagonist eplerenone has much higher selectivity for MRs. 14 In the present study, we examined whether eplerenone reproduces the effect of spironolactone on aldosterone-induced decreased pump function, and whether combined treatment with spironolactone or eplerenone plus an Ang II antagonist, losartan, may have additive effects on cardiac sarcolemmal Na ϩ -K ϩ pump activity in hyperaldosteronemia.
Aldosterone (50 g/kg body weight per day) was administered to rabbits via implanted osmotic minipumps, 7 producing plasma levels similar to those often seen in human heart failure. Eplerenone and losartan were administered by gavage; spironolactone, by minipump. Aldosterone-treated rab-bits received losartan alone, eplerenone alone, or losartan in combination with spironolactone or eplerenone. We measured Na ϩ -K ϩ pump current (I p ) in isolated ventricular myocytes using the whole-cell patch clamp technique. Both eplerenone and losartan reversed the aldosterone-induced decrease in cardiac sarcolemmal Na ϩ -K ϩ pump function. Coadministration of eplerenone or spironolactone with losartan produced an additive effect on pump function, evidence for a synergy between angiotensin receptor and MR blockade.
Methods

Treatment Protocols
A total of 79 male New Zealand White rabbits (2.5 to 3.0 kg; age, 12 to 14 weeks) were maintained on standard chow and free access to tap water. Rabbits were allocated to 7 different treatment groups: controls, aldosterone alone, or combined with eplerenone, losartan alone, and aldosterone plus losartan and either spironolactone or eplerenone. All treatments were administered for 7 days. Aldosterone (50 g/kg body weight per day) and spironolactone (200 g/kg body weight per day) were administered by osmotic minipumps. 7 The dose of losartan (25 mg/kg body weight per day) was based on previous studies from our laboratory. 11, 13 Eplerenone (5 mg/kg body weight) was given twice a day to achieve a total dose of 10 mg/kg body weight per day. Eplerenone and losartan in capsules were administered by gavage. Experimental protocols were approved by the institutional ethics committee at Royal North Shore Hospital.
Intraarterial blood pressure was measured as previously described. 15 Changes in systolic blood pressure (SBP) relative to baseline are reported, to control for the effect of the anesthetic. Serum concentrations of Na ϩ , K ϩ , Mg 2ϩ , and plasma levels of aldosterone and Ang II were measured at baseline and before euthanasia. Serum levels of K ϩ and pump current data from rabbits treated with spironolactone alone or in combination with aldosterone have been previously reported 7 but have been included to facilitate comparison. Plasma levels of noradrenaline (NAd) were measured in control and aldosterone treated rabbits.
Measurement of Na
After 7 days of treatment, rabbits were anesthetized with ketamine (50 mg/kg) and xylazine hydrochloride (20 mg/kg) given intramuscularly. Single myocytes from either ventricle were isolated and voltage clamped with wide-tipped (4 to 5 m) patch pipettes with resistances of 0.9 to 1.1 M⍀; measurement of I p , composition of superfusates, and pipette solutions have been previously described. 7 Reported currents are normalized for membrane capacitance and, thus, for cell size. Membrane capacitance was determined by measuring the transient current response to 10-mV hyperpolarizing voltage steps applied from a holding potential of Ϫ80 mV. The charge transferred during each voltage pulse was derived by integrating the capacitive current with respect to time. Membrane capacitance was then calculated by dividing the charge transferred by the voltage step of 10 mV.
Reagents and Chemicals
Aldosterone, spironolactone, and ouabain were purchased from Sigma Chemical Company. Losartan was kindly donated by Merck, USA and eplerenone by Pharmacia, Chicago, Ill. Tetramethylammonium chloride was purum grade from Fluka, and other chemicals were analytical grade from BDH Laboratory Supplies.
Statistical Analysis
Results are expressed as meanϮSE. Statistical comparisons were by unpaired and paired Student's t test and by 1-way ANOVA followed by Dunnett's test, with statistical significance set at PϽ0.05.
Results
The dose of 50 g/kg body weight per day aldosterone produces increases in plasma levels of aldosterone similar to those in clinical hyperaldosteronemia. 7 Body weight and heart weight were measured in control and aldosterone-treated rabbits, and heart/body weight ratio was calculated. Body weight in control rabbits (2.72Ϯ0.06 to 2.82Ϯ0.07 kg; nϭ15) and rabbits infused with aldosterone (2.78Ϯ0.07 to 2.85Ϯ0.08 kg; nϭ18) were similar over the 7-day period. In contrast, rabbits treated with aldosterone had significantly larger hearts (7.76Ϯ0.20 g) than did control rabbits (6.71Ϯ 0.20 g), and heart:body weight ratio in rabbits infused with aldosterone was significantly higher (2.68Ϯ0.05 versus 2.50Ϯ0.05 g/kg; Pϭ0.01). There were similar increases in membrane capacitance, an index of cell surface area. 16 Cells were included in this study exclusively by whether they could be successfully patch clamped. The capacitances of myocytes from control rabbits and from rabbits infused with aldosterone were 138.5Ϯ4.6 pF (nϭ40) and 150.3Ϯ3.5 pF (nϭ50), PϽ0.05. We also measured plasma levels of NAd. Levels of NAd did not change over the 7-day period in control rabbits (9.5Ϯ2.6 to 6.3Ϯ2.0 nmol/L), whereas levels were significantly lower in aldosterone-treated rabbits over the same period (7.7Ϯ1.5 to 1.4Ϯ0.8 nmol/L). To determine an effective and safe dose of eplerenone, we treated rabbits with a total dose of 10, 20, or 50 mg/kg body weight per day of eplerenone for 7 days. Table 1 summarizes the effect of each dose on SBP and on serum levels of K ϩ and I p . All doses were well tolerated, and no hyperkalemia was found at any dose. Only at the highest dose of eplerenone were there significant changes in SBP and I p , and for subsequent studies, we used 10 mg/kg body weight per day.
Plasma concentrations of aldosterone were measured in the different treatment groups at the time of minipump implantation and immediately before the rabbits were euthanized. There was an approximate 3-fold increase in plasma aldosterone levels, similar in all cotreatment groups. Plasma concentrations of Ang II were measured in control, aldosteronetreated, and aldosterone-treated rabbits receiving losartan and eplerenone. Plasma concentrations of Ang II were significantly decreased in aldosterone-treated rabbits compared with controls (mean change, Ϫ49Ϯ10 pg/mL [nϭ9] and 10Ϯ5 pg/mL [nϭ7], respectively). Cotreatment with losartan plus eplerenone blunted the effect of infused aldosterone on plasma levels of Ang II (Ϫ6Ϯ7 pg/mL, nϭ7).
SBP measured in 4 rabbits infused with aldosterone was higher than SBP in 5 control rabbits (⌬BP, 8Ϯ3 versus 0Ϯ1 mm Hg, respectively); in the present study, we did not measure the effect of cotreatment with spironolactone. Cotreatment of 5 aldosterone-infused rabbits with low-dose eplerenone did not reverse the aldosterone effect (⌬BP, 6Ϯ1 mm Hg), whereas cotreatment with losartan lowered blood pressure (⌬BP, Ϫ6Ϯ2 mm Hg, nϭ4), with similar levels in aldosterone-infused rabbits receiving losartan plus eplerenone (⌬BP Ϫ8Ϯ1 mm Hg, nϭ7). Aldosterone-treated rabbits receiving spironolactone and losartan showed a significant decrease in blood pressure (⌬BP Ϫ3Ϯ2 mm Hg, nϭ7) compared with that of rabbits receiving aldosterone alone.
Effect of Treatment on Serum Concentrations of Na
؉ , K ؉ , and Mg
2؉
The effect of treatment on serum Na ϩ is shown in Table 2 . Although changes are small, infusion of aldosterone produced significant increases in serum Na ϩ compared with control, which persisted in aldosterone-treated rabbits receiving spironolactone, eplerenone, or losartan. In contrast, cotreatment with spironolactone or eplerenone plus losartan abolished the aldosterone-induced increase in serum Na ϩ . As in our previous study, a significant decrease in serum K ϩ was measured in aldosterone-treated rabbits (Table 2) . Decreased serum K ϩ persisted, despite cotreatment with eplerenone or spironolactone and/or losartan. Because hypomagnesemia often accompanies hypokalemia, we examined whether there was also evidence of lower serum Mg 2ϩ in aldosterone-treated rabbits. Infusion of aldosterone produced a decrease in serum Mg 2ϩ (Table 2) , with eplerenone restoring serum Mg 2ϩ to control levels. Although baseline levels were lower in aldosteronetreated rabbits receiving eplerenone plus losartan, serum levels Mg 2ϩ did not change over the same period.
Effect of Treatment on I p
We measured I p in isolated myocytes after 7 days of treatment using a Na ϩ concentrate in the pipette solution of 10 mmol/L. Figure 1 shows representative recordings of membrane currents during measurement of I p in myocytes from control rabbits and from rabbits treated with aldosterone, aldosterone plus losartan and spironolactone, and aldosterone plus losartan and eplerenone. Absolute I p is dependent on the number of functional pump units in the cell, and this, in turn, is a function of cell surface area. Because cell membrane capacitance (C m ) is a proportional measure of cell surface area, 16 absolute I p was adjusted for C m to obtain a standardized measure of pump activity. We previously showed that spironolactone had no direct effect on I p ; low-dose eplerenone similarly has no direct effect on I p (Table 1) . In separate experiments, we examined the effect of treatment with losartan on I p of myocytes from rabbits not treated with aldosterone. Figure 2A shows mean I p values and includes the spironolactone and eplerenone data to facilitate comparison. Mean I p of myocytes isolated from rabbits treated with losartan was significantly higher than in controls, in agreement with previously reported stimulatory effect of losartan on I p from our laboratory 11, 13 . Figure 2B summarizes the effect of cotreatment. Mean I p of myocytes from aldosterone-treated rabbits was significantly lower compared with control; cotreatment with eplerenone reversed this aldosterone-induced decrease in I p , paralleling the effect of spironolactone previously reported 7 . Similarly, cotreatment with losartan reversed the aldosterone-induced decrease in I p . Coadministration of spironolactone or eplerenone plus losartan during hyperaldosteronemia enhanced the losartan effect on pump function to a level similar to that measured in rabbits given losartan alone in the absence of hyperaldosteronemia.
Discussion
The present study shows that losartan and eplerenone have effects similar to spironolactone in hyperaldosteronemia, restoring aldosterone-induced decreased cardiac Na ϩ -K ϩ pump function to control levels. Coadministration of spironolactone or eplerenone with losartan has an additive effect on Na ϩ -K ϩ pump function, suggesting an interaction between angiotensin receptor and MR blockade on pump function that has not been previously described. Low doses of both spironolactone and eplerenone were used, and no hyperkalemia was observed in rabbits receiving losartan alone.
Infusion of aldosterone produced an Ϸ3-fold increase in plasma levels, maintained in all cotreatment groups and comparable to clinical hyperaldosteronemia; similarly, the changes in serum concentrations of Na ϩ , K ϩ , and Mg 2ϩ in aldosterone-infused rabbits were comparable to those reported in clinical hyperaldosteronemic states. Rabbits infused with aldosterone had increased serum Na ϩ , persisting during treatment with spironolactone, eplerenone, or losartan. In contrast, combined treatment with losartan plus spironolactone or eplerenone blunted the increase in serum Na ϩ . However, changes in serum levels of electrolytes might not always reflect intracellular levels. Spironolactone had no effect on aldosterone-induced increased serum levels of Na ϩ , although we have previously shown that it reverses aldosterone-induced increased intracellular Na ϩ . 7 MR antagonists are not commonly used in combination with ACEI for fear of serious hyperkalemia. Despite this concern, cotreatment with losartan plus low-dose spironolactone or eplerenone in the present study did not produce hyperkalemia or reverse aldosterone-induced hypokalemia. Because K ϩ depletion has been reported to affect cardiac Na ϩ -K ϩ pump function, 17 the possibility that K ϩ deficiency accounts for the decrease in pump current should be considered. In our previous study, 7 aldosterone-induced reduced serum levels of K ϩ similar to those of the present study did not result in reduced K ϩ content in the myocardium or skeletal muscle, which contains Ϸ75% of the total body K ϩ content. An effect of aldosterone on K ϩ balance is associated with a decrease in abundance of Na ϩ -K ϩ pump units. We did not find such a decrease in cardiac or skeletal muscle in our previous study. 7 Finally, it should be noted that K ϩ depletion in rabbits has been reported to increase rather than decrease electrogenic pump activity in cardiac myocytes. 18 It is important to emphasize that in the present study, coadministration of spironolactone or eplerenone with losartan enhanced the losartan effect on cardiac Na ϩ -K ϩ pump function without having any effect on aldosterone-induced decrease in serum K ϩ , evidence for an action of spironolactone and eplerenone independent of any diuretic effect. Though basal serum Mg 2ϩ varied between groups, only in the aldosterone-alone group A, Effect of treatment on normalized Na ϩ -K ϩ pump current (I p ). Bars indicate mean I p of myocytes from control rabbits and rabbits treated with losartan (Los). Data for myocytes from rabbits treated with spironolactone (SP, previously reported 7 ) and eplerenone (EPL, 10 mg/kg body weight per day), shown in Table 1 , are included here to facilitate comparison. B, Cotreatment and I p . Bars indicate mean I p of myocytes from control rabbits and rabbits treated with aldosterone (Ald), aldosterone plus eplerenone (AldϩEPL), aldosterone plus losartan (AldϩLos), or combined with spironolactone (Ald/Los/SP) or with eplerenone (Ald/Los/EPL). Mean I p from rabbits treated with aldosterone and spironolactone (AldϩSP) have been previously reported 7 but are included to facilitate comparison. Rabbit number in each group is indicated by n; cell number, by parentheses. *Statistically significant difference in mean I p in cells from control and treated rabbits.
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were levels significantly different at 7 days, a difference reversed in either treatment group. Aldosterone infusion in the present study decreased circulating Ang II levels, in agreement with previous studies 19, 20 and confirming a reciprocal interaction between the 2 hormones. 21 The effect of losartan to reverse aldosteroneinduced decreased pump function might involve an aldosterone-induced increase in angiotensin type 1 (AT 1 ) receptor density, although the evidence is conflicting. Sun and Weber 19 found a low density of Ang II receptors in rat heart, and although they report an increase in Ang II binding after aldosterone administration, their results are expressed as a percentage of control rather than absolute figures. Robert et al 20 interpret their findings to suggest that activation of AT 1 receptors mediates the cardiac effects of aldosterone. It is important to note that in both these studies, aldosterone infusion was supplemented with high salt in the drinking water. High sodium intake has been shown to decrease circulating aldosterone and to significantly increase cardiac AT 1 receptor mRNA in normotensive Wistar-Kyoto rats. 22 In addition, previous studies 23, 24 showed that ACEI and AT 1 receptor blockade did not block the effects of aldosterone/salt on cardiac fibrosis. In the present study, aldosterone was infused alone without high salt in the drinking water.
Previous studies from our laboratory have shown that treatment with hydralazine had no effect on pump function, despite a significant reduction in blood pressure; 11 therefore, the effect of losartan is unlikely to reflect solely a reduction in blood pressure. Similarly, low-dose eplerenone in the present study restored pump function without affecting aldosterone-induced increased blood pressure. An increase in the apparent affinity of the pump for intracellular Na ϩ by losartan 13 is therefore the most likely mechanism. Aldosterone has also been reported to block NAd uptake in the heart, 25 with increased plasma NAd found in guinea pigs receiving aldosterone/salt treatment. 26 In contrast, we found aldosterone treatment reduced NAd levels, perhaps reflecting the rabbits' low salt intake. The other relevant studies have been in heart failure 1,27 rather than hyperaldosteronemia per se.
Mechanism for Additive Effect of Aldosterone Antagonists
Our results show an interaction between aldosterone and angiotensin receptor blockade on cardiac sarcolemmal Na ϩ -K ϩ pump function, which has not previously been reported. This interaction may involve a change in the affinity of preexisting pumps for Na ϩ or synthesis of pump isoforms with a high affinity for Na ϩ . Multiple isoforms have not been found in the rabbit, 28 and we have previously reported that aldosterone had no effect on the concentration of ouabain sensitive-and ouabain-insensitive isoforms of the myocardial pump. 7 Similarly, previous studies from our laboratory found that the ACEI captopril, did not change ␣ 1 -and ␣ 2 -pump subunit mRNA. 12 In contrast, modification of the apparent affinity for Na ϩ of preexisting pumps by losartan has been shown in previous studies from our laboratory 13 and might thus contribute to the interaction with MR blockade.
Another possible mechanism for the interaction between aldosterone and angiotensin receptor antagonists might involve protein kinase C (PKC). ACEI and Ang II receptor antagonists have been reported to prevent translocation of ⑀PKC in the heart, 29, 30 and in a recent study from our laboratory, ⑀PKC was shown to mediate Ang II-mediated inhibition of pump activity. 31 Aldosterone-induced activation of PKC in noncardiac tissue has been reported by several studies, 32, 33 and a similar response in the heart might contribute in part to the aldosterone-induced inhibition of pump function observed in the present study. The effect of losartan on this aldosterone-induced pump inhibition might result from these competing effects on PKC activity. Addition of spironolactone would block the aldosterone-induced activation of PKC.
Perspectives
This is the first report of a synergy between angiotensin receptor and MR blockade on cardiac sarcolemmal Na ϩ -K ϩ pump function. MR blockade prevents aldosterone-induced Na ϩ -K ϩ pump inhibition and potentiates the action of losartan on pump function in hyperaldosteronemia. Because pump inhibition induces activation of key growth-related cardiac genes 8 and generation of reactive oxygen species, 34 combined AT 1 receptor and MR blockade may have particular benefits in cardiac remodeling.
